Brief exposure of etiolated pea (Pisum sativum cv. Alaska) seedlings to red light enhances subsequent development of geotropic curvature of the stem. Both this response and inhibition of ethylene production by red light become maximal 8 hours after illumination. Very low concentrations of applied ethylene inhibit development of geotropic curvature, whereas hypobaric treatment enhances geotropic sensitivity by removing endogenous ethylene. Increased geotropic sensitivity after illumination is accompanied by increased lateral migration of 'H-indoleacetic acid in response to gravity, and ethylene inhibits this lateral migration. It is suggested, therefore, that red light-enhanced geotropic sensitivity is caused by increased lateral auxin transport resulting from a reduction in ethylene production after illumination.
Several instances are known in which ethylene intervenes (6, 12, 13, 15, 16) in phytochrome-mediated responses of etiolated seedlings. In most cases, Pfr reduces endogenous ethylene production, permitting various ethylene-sensitive responses to become manifest. The tropic sensitivities of etiolated Sinapis alba stems (18) and Avena and Zea coleoptiles (2, 23) are affected by brief illumination with red light. Since tropic movements require lateral auxin redistribution (10, 19) , and as ethylene is a potent inhibitor of lateral auxin transport (5, 17, 21) , we investigated the possibility that ethylene might play a role in red light-sensitive geotropic movements.
MATERIALS AND METHODS
Plant Material. Seeds of Pisum sativum cv. Alaska were soaked for 3 hr, germinated in 12.5-cm plastic pots containing wet vermiculite, and grown in darkness at 23 C for 7 days. In most experiments, 1-cm subapical sections from the third internode were used, but in some cases the entire apical part and third internode were excised by cutting the stem about 1 cm below the second node. Plants were handled under dim green light, and in some cases illuminated for 5 min with red light (1250 erg/cm2 sec) from a fluorescent source (13) at various times before the tissue was cut.
Geotropic Induction. Geotropic curvature was induced in isolated 1-cm sections by floating 10 of them without shaking 1This work was supported by National Science Foundation Grant GB-27424 to S.P.B. on 20 ml of solution (2% sucrose, 5 /-M CoCl2 and 5 mm potassium phosphate buffer, pH 6.8) contained in a 10-cm Petri dish. Hypobaric experiments were performed with intact apical parts laid horizontally on a Lucite mount having 10 grooves. The basal cut ends were kept moist with wet paper towel, the Lucite mounts placed in 10-liter capacity desiccators, and hypobaric conditions established at 120 mm Hg of water-saturated flowing 02 as described previously (13) . Attempts to displace ethylene with a competitive inhibitor, CO2., were abandoned when it was found that 5 to 10% CO2 markedly inhibits stem growth, in contrast to hypobaric treatment (1), which does not affect the growth rate of the subapex. Curvatures were measured with a goniometer from shadowgraphs, and results presented as the average of 10 measurements with standard error.
Lateral Transport of 3H-IAA. Ten 1-cm sections were placed horizontally on grooves of a Lucite mount, and a donor agar block (1.5%) containing 0.12 fLM [5-3H] IAA (17 c/mmole) was attached to the apical cut ends of the sections. A receiver agar block (1.5%) was attached to the basal cut surfaces. The Lucite mount was placed in a desiccator containing H20-saturated air, and after 120 min the agar blocks were removed, the apical 1 mm of each section excised, and the remaining part split longitudinally with a razor blade into approximately upper and lower quarters and the middle half (5) . These subsections were weighed and their radioactivity directly determined by liquid scintillation counting.
Ethylene Production. Ethylene production was measured by incubating 10 sections in 2 ml of solution (as described above) with or without various concentrations of IAA contained in 10-ml Fernbach flasks sealed with vaccine caps. At the indicated times 5 ml of air was removed and ethylene was determined by gas chromatography (4).
RESULTS
Effect of Illumination on Geotropic Sensitivity, Ethylene Production, and Growth. When dark-grown pea seedlings are exposed to red light for a few minutes, they subsequently undergo various morphogenic changes (6, 12. 13), several of which become most intense about 8 hr after illumination (12, 13) . We find that the geotropic sensitivity of subapical sections cut from seedlings after illumination also becomes maximal 8 to 12 hr after exposure of intact plants to red light (Table I) . The time course for geotropic development in sections cut from previously illuminated seedlings is illustrated in Figure  1 . Initially the tropic movement of stem sections excised 8 hr after illumination is about double that of the dark control, but the rates become equal after about 6 hr of continuous gravitational stimulus when the early phase of fast movement ends and the slow, steady-state phase is established. (Table I ). The effect of 8-hr preillumination on ethylene production was studied at various concentrations of IAA (Table II) . Preillumination reduces ethylene production in response to all IAA concentrations by approximately 50% during the first 4 hr period, but during the next 4 hr inhibition occurs only at low concentrations of IAA, and decreases progressively as the IAA concentration is increased.
The geotropic sensitivity has no positive relationship to the overall growth response of the tissue to IAA. Table III indicates that preillumination causes an increase in the geotropic sensitivity at low IAA concentrations, while overall elongation of the same section is inhibited by such a treatment. Moreover, the initial rate of elongation of preilluminated sections is equal to that of the dark controls during the first 4 hr, whereas the rate of geotropic curvature is markedly enhanced, especially in the first 2 hr (Fig. 1) . Inhibition of geotropic curvature at 1 [uM IAA (Table III) may be due partly to auxin-induced ethylene production (Table II) , but could also be explained by the fact that elongation of these darkgrown pea subapical sections initially is maximal at this and somewhat lower concentrations (6) . Under these conditions differential growth between the upper and lower parts of the stem may not occur, because even with auxin redistribution the auxin concentration may still be optimal for growth on both sites.
Effect of CJR: and Hypobaric Treatment on Geotropic
Sensitivity. Geotropic curvature of stem sections is very sensitive to ethylene; 10 n/l inhibits bending by 20 to 30% and 0.1 [Jl/l by about 70% (Fig. 2) .
Geotropic sensitivity is enhanced by a hypobaric treatment which lowers the endogenous ethylene content (Table IV) . However, the hypobaric treatment is not effective with preilluminated seedlings whose ethylene production rate is already reduced (Table IV) .
Effect of Illumination on Lateral Auxin Transport. If endogenous ethylene is present initially at an active concentration, or if an active concentration is induced by auxin accumulating in the lower side of the tissue as a result of lateral transport (22) , reducing ethylene production and/or its concentration should result in an increase in lateral auxin transport since ethylene strongly inhibits that process (5, 17) . The data in Table V suggest that this is the case. The ratio of 3H-IAA in the lower quarter to that in the upper quarter is about 1.6 in the dark control, whereas in preilluminated sections it exceeds 2.0 when labeled IAA is transported through horizontally positioned sections.
DISCUSSION
Does the etiolated subapex normally produce endogenous ethylene at a physiologically significant rate? The rate of ethylene production from subapical sections incubated in an auxin-free medium is always unusually high during the first 3 to 4 hr after cutting (5, 14) . This has been referred to as wound ethylene, a phenomenon observed in other tissues (3) . The rate measured during the next 4 hr persists for a long time (0.13 nl g-1 hr-', Table 11) , and is closely similar to that previously reported (0.09 nl g-'* hr-') in the same tissue (8) . A direct measurement of ethylene in the intercellular space of a bean hypocotyl hook, producing 3.3 nl g-' hr-1 of ethylene indicated a content of 0.8 I1l1 of ethylene in the tissue (15), or 0.24 tul/ per nl * g-1 *hr-1.
A conversion factor of 0.1 to 0.3 jtl/l per nl g-1 hr-1 previously was calculated directly or indirectly for pea epicotyl and root tissues (5, 9, 11) . Accordingly, the internal concentration of ethylene in the pea subapex can be estimated to be around 20 to 30 nl/l, or very close to the threshold producing the triple response in this tissue (20) . Actually the threshold required to affect the growth of this tissue may be determined by the fact that the tissue already contains this concentration of ethylene, so that an equivalent amount must be applied to produce an endogenous change in ethylene content sufficiently large to influence cellular expansion, a process dependent upon the log of the ethylene concentration.
According to ethylene dose-response curve for geotropic sensitivity (Fig. 2 ) a 50% decrease in the endogenous ethylene level from 20 to 30 nl/l in dark-grown tissue to half that value in red-treated tissue, as a result of a comparable change in ethylene production rate, should result in a 20 to 300 change in geotropic curvature. This is about the magnitude of the observed effect. Moreover, during geotropic stimulation lateral migration of auxin may further stimulate ethylene production in the underside of the stem, thus impeding auxin migration to an even greater extent. Such a feedback control of lateral auxin transport by ethylene has previously been suggested for roots (7) .
The fact that hypobaric treatment causes an increase in the geotropic response of stems strongly suggests that endogenous ethylene exerts an effect on geotropism by inhibiting lateral migration of auxin into the lower part of the stem of darkgrown tissue. Red light inhibits ethylene production, and thus may enhance lateral auxin transport and geotropic sensitivity by reducing the tissue's ability to produce ethylene in response to endogenous or applied auxin. 
